The title compound of nicotinato lead(II) complex [Pb(C 5 H 4 NCOO) 2 ] has been optimized at B3LYP/ LANL2DZ and HF/LANL2DZ levels of theory. The calculated results show that the lead(II) ion adopts 2-coordinate geometry, which is the same as its crystal structure and different from the 4-coordinate geometry of isonicotinato lead(II) complex. Atomic charge distributions indicate that during forming the title compound, each nicotinic acid ion transfers their negative charges to central lead(II) ion. The electronic spectra calculated by B3LYP/LANL2DZ level show that there exist two absorption bands, which have some red shifts compared with those of isonicotinato lead(II) complex and the electronic transitions are mainly derived from intraligand π-π * transition and ligand-to-metal charge transfer (LMCT) transition. CIS-HF method is not suitable for the system studied here. The thermodynamic properties of the title compound at different temperatures have been calculated and corresponding relations between the properties and temperature have also been obtained. The second order optical nonlinearity was calculated, and the molecular hyperpolarizability was 1.147754 × 10 -30 esu.
Introduction
It is well known, lead has been used in electric storage batteries, paint pigments, gasoline additives, pipes, ammunition, solder, etc for many years due to its abundance and physical properties, which makes it be as one of the most important pollutants. 1, 2 On the other hand, since it is slowly eliminated, lead accumulates in liver, kidneys, bones, and other parts of the body. 3 So, the design of drugs to counteract the effects of lead poisoning requires establishing the preferred ligands of Pb(II) and their stereochemistry. Consequently, synthesis of antidotes for lead(II) ion toxicosis has attracted more and more attention, and numerous reports concerning experimental coordination chemistry of lead(II) have been published. [4] [5] [6] [7] Nicotinic acid is a typical ligand for metallic ions and its biological importance has been described in several literatures. [8] [9] [10] It can be used as antidote for lead(II) ion toxicosis, resulting in the formation of the title compound of nicotinato lead(II) complex [Pb(C 5 H 4 N-COO) 2 ]. However, for nicotinato lead(II), apart from its crystal structure reported by Cingi et al. in 1975, 11 there are no more experimental and theoretical studies on it available till now. As a matter of fact, with computational chemistry significantly advanced in the past decade, theoretical modeling of non-transition metal chemistry becomes much more mature than ever. Many important chemical and physical properties of chemical systems can be predicted from the first principles by various computational techniques. 12 By using quantum chemical calculations, we have made investigations on isonicotinato lead(II) complex 13 and bis(p-aminobenzoato)-lead(II) complex.
14 Here, we wish to report the calculated results for the title compound of nicotinato lead(II) complex [Pb(II)(C 5 H 4 NCOO) 2 ] and make a comparison with our early reports.
Calculational Method
The crystal structure of the title compound was used as initial molecular geometry, then it was optimized by using MM+ molecular modeling and semi-empirical AM1 methods 15 (HYPERCHEM 6.0, Hypercube, Ont., Canada). In the next step, ab inito calculations with B3LYP/ LANL2DZ and HF/LANL2DZ levels of theory by the Berny method 16 were performed with Gaussian 03 software package, 17 respectively. The vibrational frequencies calculated prove that the structure is stable (no imaginary frequencies). The thermodynamic properties of the title compound at different temperatures were obtained according to vibration analyses. Based on the optimized structure, electronic absorption spectra were predicted by using TD-DFT 18, 19 and CIS-HF 20 methods, respectively. Natural Bond Orbital (NBO) 21, 22 analyses were also performed on the optimized structure. By using couple-perturbed HartreeFork (CPHF) method, [23] [24] [25] [26] the molecular hyperpolarizability value was also calculated.
All calculations were performed on a Pentium IV computer and DELL PE2650 server using the default convergence criteria.
Results and Discussion
Optimized geometry. Figure 1 shows the molecular structure of the title compound with atomic numbering scheme. The selected optimized geometric parameters obtained at B3LYP/LANL2DZ and HF/LANL2DZ levels are listed in Table 1 . In view of the molecular symmetry, only half of the molecular geometric parameters are listed.
Although the nicotinic acid molecule is also a typical chelated-form ligand just as the isonicotinic acid molecule, the Pb(II) ion in the title compound only adopts 2-coordinate geometry and is coordinated by two oxygen atoms from two nicotinic acid ions, which is the same as its crystal structure 11 and different from the 4-coordinate geometry of isonicotinato lead(II) complex [Pb(C 5 H 4 NCOO) 2 ]. 13 The title complex has C 2 symmetry with two-fold axis passing through the Pb(II) ion and the centre of O(1) and O(1A) atoms, which is the same as that in the isonicotinato lead(II) complex. 13 In Table 1 , for each nicotinic acid ion, all of the atoms are almost coplanar with the Pb(II) ion, which is slightly different from that in the crystal structure. 11 It is evident that in the solid state, the exist of crystal field makes the molecule of nicotinato lead(II) complex [Pb(C 5 H 4 NCOO) 2 ] have some torsions, while in the calculations, the molecule is in the gas-phase at 0 K and interactions among molecules are ignored. Despite of the differences mentioned above, the optimized geometries can reproduce the crystal structure on the whole, which are the bases for our discussion below.
Atomic charge distributions. At B3LYP/LANL2DZ and HF/LANL2DZ levels of theory, the NPA atomic charge distributions on the atoms of the title complex and nicotinic acid ion are calculated based on the optimized structures and listed in Table 2 (in view of the molecular symmetry, only one nicotinic acid ion is given).
Comparing the atomic charges in the title compound with those in each free nicotinic acid ion, one can find that the from nicotinic acid ion, respectively. Maybe it is one of the reasons that the change of atomic charges on the lead ion results in the Pb(II) ion losing its toxicity on intelligence in human populations. Electronic absorption spectra. Electronic absorption spectra values calculated for the title compound and the free ligand of nicotinic acid ion by using TD-DFT method and CIS-HF method are given in Table 3 . By using CIS-HF method, the electronic transition bands for the title complex (200.47 nm) and the free ligand of nicotinic acid ion (200.59 nm) are almost the same. To some extent, for coordination complex, this result is not corresponding to the ordinary rule of electronic absorption spectra and we can deduce that CIS-HF method is not suitable for predicting the electronic spectra for the system studied here. For the title complex, the B3LYP/LANL2DZ calculated results show that there are two absorption bands, one broad shoulder band is from 253.62 to 248.04 nm and another peak is at 231.25 nm, both of which are shifted to lower energy corresponding to the free ligand of nicotinic acid ion. Natural population analyses indicate that the frontier molecular orbitals are mainly composed of p atomic orbitals, so above electronic transitions are mainly derived from the contribution of intraligand (IL) π-π * transition and ligand-to-metal charge transfer (LMCT) transition, which are similar with those in the isonicotinato lead(II) complex. 13 Compared with the electronic absorption spectra of the free ligand of isonicotinic acid ion (232.05 and 209.11 nm), 13 two electronic spectra peaks of free ligand of nicotinic acid ion have some red shifts, respectively. The similar situation can be found between the isonicotinato lead(II) complex and nicotinato lead(II) complex, where the two electronic spectra bands of the later (Table 3) have some red shifts compared with those of the former [227.32-224.40 nm (broad) and 218 nm (narrow)]. 13 Aforementioned phenomena indicate that conjugative effects between the pyridine ring and the carboxylic group in the nicotinic acid ion are stronger than those in the isonicotinic acid ion. Figure 2 shows the surfaces of HOMO, HOMO-1, LUMO and LUMO+1 of the title complex. Seen from Figure 2 , HOMO and HOMO-1 of the title complex are principally delocalized among the atoms of nicotinic acid ion, while LUMO and LUMO+1 are delocalized among the atoms of nicotinic acid ion as well as the Pb(II) ion. Namely, as a non-transition metal complex, the title compound has no electronic transition band located at visible light range, indicating that the fully occupied d atomic orbitals of the lead(II) ion do not take part in the electronic transitions. However, during the electronic transition, the outer p orbitals have to assist the charges transfer, which will finally change the electronic cloud shape of Pb(II) ion and maybe finally decrease its ability to influence the intelligence of people.
Thermodynamic properties. Based on vibrational analysis at B3LYP/LANL2DZ level and statistical thermodynamics, for the title compound, standard thermodynamic functions-heat capacity (C Table 4 . The scale factor for frequencies is 0.96, which is a Figure 2 . Some frontier molecular orbital stereographs for the title complex. typical scale factor for the B3LYP/LANL2DZ level of calculations.
As observed from Table 4 , standard heat capacities, entropies and enthalpies increase at any temperature from 200.0 to 800.0 K, due to that the intensities of molecular vibration increase while the temperature increases. Compared with the isonicotinato lead(II) complex, 13 Nonlinear optical property calculations. Using coupleperturbed Hartree-Fock (CPHF)method, [23] [24] [25] [26] the molecular first hyperpolarizability value, β μ , the vector component along the dipole moment direction, of the title compound was calculated to be 1.147754 × 10 -30 esu, which is greater than that of urea (0.72137 × 10 -30 esu, calculated using the same method) and smaller than that of isonicotinato lead(II) complex (3.62365 × 10 -30 esu). 13 This result suggests that the studied complex is a noncentrosymmetric compound and atomic charge transfers exist universally among all the atoms of the compound, which are consistent with the discussion above. During the process of electronic transition, the Pb(II) ion acts as a bridge to participate in the electron transfer, resulting in the loss of the Pb(II) ion toxicity on intelligence in human populations.
Conclusions
Ab initio calculations have been performed on the title compound of [Pb(II)(C 5 H 4 NCOO) 2 ] by using B3LYP and HF methods with LANL2DZ basis set. The calculated results indicate that both the optimized geometries adopt 2-coordinate conformation with C 2 symmetry, which can reproduce the crystal structure on the whole. NPA atomic charge distributions show that, during forming the title complex, the two free ligands of nicotinic acid ion have transferred their charges to the central Pb(II) cation and all of the atoms of the title compound take part in the charge redistributions. Electronic absorption spectra calculations suggest that CIS-HF method is not suitable for the system studied here, while TD-DFT method can give two reasonable absorption bands, which can mainly assigned to intraligand (IL) π-π * transition and ligand-to-metal charge transfer (LMCT) transition. Based on vibrational analysis, the thermodynamic properties of C 0 p , m , S 0 m and H 0 m at different temperatures have been calculated and the correlation equations between these thermodynamic properties and temperature T are also obtained. By using CPHF method, the molecular first hyperpolarizability value was predicted to be 1.147754 × 10 -30 esu, which is greater than that of urea.
